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a  b  s  t  r  a  c  t
Study  region:  The  area  of  study  is  the  northern  part  of  Belgium  (Flanders).
The seven  evaluated  Aquifer  Thermal  Energy  Storage  (ATES)  systems  are  pos-
itioned  in  key  aquifers,  which  contain  major  groundwater  resources  for  the
region.
Study focus:  The  increasing  number  of  ATES  systems  leads  to  concerns  by
drinking water  companies  and  environmental  regulators  about  the  long  term
impacts of  ATES  systems  on  the  groundwater  quality.  This  study  assesses  the
inﬂuence of  ATES  on  groundwater  chemistry  by  means  of  a  literature  review,
and a  comparison  of  groundwater  quality  monitoring  data  at  seven  ATES  sys-
tems with  ambient  groundwater  quality  values  from  69  monitoring  wells.
New hydrological  insights  for  the  region:  The  results  of  the  analysis  of  the
hydrochemical  data  conﬁrm  that  the  small  temperature  differences  (T  ≤  10)
at which  the  ATES  systems  are  operating  do  not  inﬂuence  the  concentrations  of
the main  chemical  constituents.  Mixing  of  shallow  with  deeper  groundwater
during ATES  operation,  on  the  other  hand,  can  alter  groundwater  quality.  The
results of  this  study,  however,  suggest  that  the  groundwater  quality  changes
are rather  small,  so  that  there  is  no  immediate  risk  for  the  drinking  water
supply. However,  the  installation  of  ATES  systems  in  the  vicinity  of  public
drinking water  supply  well  ﬁelds  should  be  handled  with  care,  especially  in
phreatic aquifers.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article
under  the  CC  BY-NC-SA  license  (http://creativecommons.org/
licenses/by-nc-sa/3.0/).
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1. Introduction
Environmental concerns and an increasing pressure on fossil fuels cause a rapidly growing interest
in renewable energy. An attractive provider of renewable energy is Aquifer Thermal Energy Storage
(ATES), where groundwater in the aquifer is used as a storage medium for thermal energy. An ATES
system typically consists of one or more extraction and injection wells (Fig. 1). During summer, cool
groundwater is extracted from the cold well(s) and by means of a heat exchanger, the thermal energy
is transferred to cool the building. Through this process, the water is heated after which it is injected
in the warm well(s). During winter, this system reverses and the stored warm water is extracted. Via
a heat exchanger the thermal energy is extracted at the evaporator of a heat pump and is delivered
to the building via the condenser of the heat pump at a higher temperature level, suitable for comfort
heating. The cooled groundwater is then re-injected into the cold well(s). During summer, this cooled
water can then be re-used. This process creates a cycle of seasonal thermal energy storage. Most ATES
systems operate with only small temperature differences (T < 15 ◦C) between the warm (<20 ◦C)
and the cold (ca. 5 ◦C) wells in shallow aquifers with an ambient groundwater temperature of about
11–12 ◦C.
Worldwide, the number of ATES systems has been continuously increasing over the last 15 years
and is expected to increase further in the future. In the Netherlands, the number of ATES systems has
grown from around 29 installations in 1995 to around 1800 in 2012 (Bonte, 2013). Similar growth
rates are reported in other European countries like Switzerland, Sweden and Germany (Sanner et al.,
2003), in China (Gao et al., 2009) and in the US (Lund and Bertani, 2010), both for ATES and associated
thermal energy storage systems such as Borehole Thermal Energy Storage (BTES) (Bayer et al., 2012;
Bonte et al., 2011b; Hähnlein et al., 2013; Lund et al., 2004, 2011; Rybach, 2010). In Belgium there
are much less ATES systems operational, about 20 large systems (>250 kW)  in 2011, but there is also
a rapidly growing demand. Because of this large growth, ATES systems are expected to be installed
increasingly in the vicinity of drinking water production sites and protected nature areas. This leads
to concerns by environmental regulators and drinking water companies about the environmental
impacts of ATES installations, such as hydrological, thermal, chemical and microbiological impacts
Fig. 1. ATES principle. In the summer cool groundwater is extracted from the aquifer (cold well) and by means of a heat
exchanger, the cold is delivered to the building (passive cooling). Through this process the water is heated after which it is
injected back in the aquifer at the warm well. In the winter this system is reversed and the stored warm water is extracted. Via
a  heat exchanger, this heat is extracted at the evaporator of the heat pump after which it is further heated by the compressor
and  ﬁnally it is delivered to the building via the condenser of the heat pump. The cooled groundwater is then re-injected into
the  cold well. In summer, this cooled water can then be re-used. This process creates a cycle of seasonal thermal energy storage.
22 M.  Possemiers et al. / Journal of Hydrology: Regional Studies 2 (2014) 20–34
(Arning et al., 2006; Bonte et al., 2011a; Brielmann et al., 2011, 2009; Brons et al., 1991; Grifﬁoen and
Appelo, 1993; Hall et al., 2008; Zhu et al., 2011). In addition, according to EU environmental policy,
these impacts should be minimized so that no detrimental effects can occur (EU-WFD, 2000).
This study presents a review of published research about the interaction between ATES and ground-
water chemistry. This review is illustrated by a new hydrochemical dataset from seven ATES systems
in the northern part of Belgium (Flanders).
2. Inﬂuence of ATES on groundwater chemistry: a review
To asses the effect of the storage of thermal energy on the groundwater chemistry a literature
review was conducted. The possible impacts of ATES were divided into the effects caused by changes
in temperature and the effects caused by mixing different groundwater qualities.
2.1. Temperature effects
As a result of reactions between groundwater and the surrounding aquifer material, groundwater
contains a wide variety of dissolved chemical constituents in various concentrations. Temperature
changes can cause alteration of groundwater chemistry as temperature plays a very important role in
the solubility of minerals, reaction kinetics, oxidation of organic matter, redox processes and sorption-
desorption of anions and cations (Arning et al., 2006; Brons et al., 1991; Grifﬁoen and Appelo, 1993;
Holm et al., 1987; Hoyer et al., 1994; Sowers et al., 2006).
2.1.1. Mineral equilibria
Most research on this topic is focused on operational aspects such as scaling due to mineral pre-
cipitation at high temperatures (>60 ◦C) (Arning et al., 2006; Grifﬁoen and Appelo, 1993; Holm et al.,
1987; Palmer and Cherry, 1984). The goal of these studies was  to predict and prevent problems of
clogging caused by the effect of temperature changes on mineral equilibria. Therefore, most research
on the effect of temperature on the solubility of minerals in aquifers was  focused on the solubility of
minerals responsible for clogging. At a thermally balanced ATES system, solutes resulting from dis-
solved minerals are transported between wells. A mineral can dissolve in one well and precipitate in
the other well and vice versa. At high temperatures, silicates for example will dissolve, resulting in
high Si concentrations at the warm well and precipitation of silicates (e.g. talc, quartz) at the cold well.
For carbonates on the other hand (e.g. CaCO3 and FeCO3), precipitation will occur at the warm well
and dissolution will occur at the cold well (Brons et al., 1991; Grifﬁoen and Appelo, 1993; Holm et al.,
1987; Hoyer et al., 1994; Jenne et al., 1992; Perlinger et al., 1987; van Oostrom et al., 2010).
The effect on mineral equilibria is smaller for ATES systems at lower temperatures. A geochemical
modeling study on the effects of heating and cooling at a heat storage system in aquifers, shows that
heating of groundwater from 10 to 50 ◦C signiﬁcantly reduces porosity and permeability by calcium
precipitation (Palmer and Cherry, 1984). In practice, however, calcium precipitation does not occur
when the temperature rise is limited (Drijver, 2011). Different temperatures are mentioned in the lit-
erature, varying from 50 ◦C (Heidemij, 1987), 40 to 60 ◦C (Snijders, 1994, 1991) and 60 to 70 ◦C (Knoche
et al., 2003). The fact that no precipitation occurs despite signiﬁcant oversaturation is attributed to
the presence of inhibitors. Furthermore, these temperatures are still signiﬁcantly higher than the tem-
perature range (5–20 ◦C) of most current ATES systems. Hartog et al. (2013) showed with the Van’t
Hoff equation that there is a limited impact for such small temperature changes in ATES systems with
an underground thermal balance, as the effect of temperature on equilibrium constants is opposite
for temperature increases and decreases. In a study on the effect of the discharge of cooling water
into groundwater, differences in groundwater temperature (8.7–17.8 ◦C) did not result in detectable
changes in groundwater chemistry and were smaller than seasonal changes in the shallow groundwa-
ter (Brielmann et al., 2009). In another study on the effect of rising groundwater temperature (from
10 ◦C to 20 ◦C in 10 years) due to a thermal imbalance at a low temperature ATES system, no signiﬁcant
changes in time were found for pH, conductivity and the considered anion and cation concentrations
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(Sowers et al., 2006). According to the available literature the effect of low temperature (<25 ◦C) ATES
systems on mineral equilibria is expected to be limited.
2.1.2. Kinetics
Many of the reactions that occur in groundwater systems are however not determined by chemical
equilibria but by kinetic processes (Appelo and Postma, 2005). Examples of kinetically controlled reac-
tions in groundwater systems are weathering reactions of silicates and redox reactions (van Oostrom
et al., 2010). ATES ﬁeld tests at high temperatures (40–100 ◦C) for example showed that K-feldspar
weathering progresses faster around the warm well then around the cold well (Holm et al., 1987;
Perlinger et al., 1987). Prommer and Stuyfzand (2005) demonstrated that redox reactions in ground-
water are affected by small temperature differences. In their study, surface water with a variable
temperature (2–23 ◦C) was injected during two years. Differences in breakthrough in the monitoring
wells indicated that the oxidation of pyrite and organic matter by oxygen and nitrate proceeds sig-
niﬁcantly faster at higher temperatures. When the ATES system is in thermal balance, however, no
signiﬁcant temperature effects are expected from the Arrhenius equation when T  < 20 ◦C. If there
is an unbalance in energy input and output in the ATES system, or if the temperature differences
are larger (T > 20 ◦C), the effects of the temperature on kinetics increases due to the exponential
dependence of reaction rates on temperature (Hartog, 2011).
2.1.3. Organic matter
Laboratory research (Brons et al., 1991) into the effect of temperature on organic matter in aquifers
demonstrated that at temperatures above 45 ◦C organic carbon is mobilized resulting in an increased
chemical oxygen demand (COD) of the groundwater. The ability of the remaining organic matter to
adsorb organic micro pollutants or trace elements may  hereby decrease (TCB, 2009; van Oostrom
et al., 2010). Two more recent studies (Bonte et al., 2013b; Jesußek et al., 2012) reported increased
concentrations of DOC with increasing temperature in a laboratory setting. It was  shown that the
occurrence and rate of nitrate, sulfate and iron reduction are strongly dependent on temperature.
At 70 ◦C, a change in sediment sorption behavior for cations and organic acids was assumed based
on changes in pH, Mg  and K concentration. At 10–40 ◦C, on the other hand, no clear changes of pH,
total inorganic carbon (TIC) and the major cations occured. Incubation experiments have shown that
when organic acids and orthophosphates are present, a strong oversaturation of the carbonates is
possible because of precipitation inhibition. An increase in temperature leads, at one hand, to a reduced
solubility of calcium and magnesium carbonates (carbonate precipitation) and, on the other hand,
carbonate precipitation is inhibited by mobilization of dissolved organic carbon. The calcium content
in groundwater is therefore less inﬂuenced by temperature than expected solely based on equilibrium
reactions (Grifﬁoen and Appelo, 1993).
2.1.4. Redox processes
Jesußek et al. (2012) showed with their column experiments that temperatures of 25 ◦C and above
lead to the mobilization of organic carbon and an increase in microbial activity. The increased avail-
ability of organic carbon combined with a higher microbial activity causes the redox zoning to shift
toward more reducing conditions. Since the occurrence and rate of nitrate, iron and sulfate reduction
are dependent on the redox conditions a temperature increase can have a strong inﬂuence on these
processes. The ﬁndings of this study predict that at temperatures of 25 ◦C and higher, the usability
of groundwater as drinking and process water can be impaired by reducing metal oxides and thus
possibly releasing heavy metals from the sediment.
The column experiments performed by Bonte et al. (2013a,b) showed that water quality was not
affected when anoxic aquifer sediments were subjected to lower temperature (5 ◦C) than in situ tem-
perature (11 ◦C). But at 25 ◦C, the concentration of As was  signiﬁcantly increased and at 60 ◦C also
signiﬁcant effects on the pH, dissolved organic carbon (DOC), P, K, Si, Mo,  V, B and F were observed.
The same experimental setup was used to determine the effect of temperature variations (5–80 ◦C) on
redox processes and associated microbial communities (Bonte et al., 2013a). Both the hydrochemical
and microbiological data showed that a temperature increase from the in situ 11 ◦C to 25 ◦C caused
a shift from iron-reducing to sulfate-reducing and methanogenic conditions. A further temperature
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increase to more than 45 ◦C resulted in the emergence of a thermophilic microbial community spe-
cialized in fermentation and sulfate reduction.
2.1.5. Sorption–desorption
Natural or contaminant organic components in groundwater can adsorb to sedimentary com-
ponents, in particular organic material. In addition, groundwater composition is inﬂuenced by
cation-exchange on clay minerals and oxides. A hydrogeochemical reactive transport model
(PHREEQC) using the results from previously described column experiments (Bonte et al., 2013a,b)
revealed that sorption of anions decreases with temperature whereas sorption of cations increases
with temperature (Bonte, 2013). Results showed that As and B are desorbed in the center of the warm
water plume and mobilized toward the fringe of the warm water plume and the center of the cold
water plume where these solutes become resorbed. According to Chiang et al. (2001), sorption of chlo-
rinated methanes (carbon tetrachloride (CCl4), chloroform (CHCl3), methylene chloride (CH2Cl2)) also
depends on temperature. Sorption of these VOCs decreases with increasing temperature. From about
8–16 ◦C, this decrease is about 10%. Since cation-exchange in aquifers takes place competitively on
clay minerals, oxides and organic matter, each with other exchange properties, the derivation of ther-
modynamic constants per cation is difﬁcult. Research showed that at room temperature K+, Cs+ and
NH4+ are more strongly adsorbed than Ca2+, Mg2+ and Na+. This difference however decreases with
rising temperature. Further, divalent cations adsorb stronger with increasing temperature than the
monovalent Na+ (Appelo et al., 1990; Drijver and Willemsen, 2004). Because of the stronger adsorption
of Ca2+ at increasing temperatures, the precipitation of calcite at higher temperatures will be reduced
to some extent (TNO, 1990). Additionally, Grifﬁoen and Appelo (1993) noted that ammonium (NH4+)
and divalent iron (Fe2+) preferably desorb upon an increase of the temperature (van Oostrom et al.,
2010).
2.2. Mixing
Besides the effect of temperature on geochemical processes within an ATES system, mixing will
also have an inﬂuence on groundwater chemistry. Although this process is not speciﬁc for ATES (e.g.
return dewatering), it may  be an important factor for changes in groundwater chemistry (van Oostrom
et al., 2010). Groundwater often presents concentration gradients with depth, even within the same
aquifer (Bonte et al., 2011b). The more heterogeneous the aquifer and the more reactive the sediment,
the more pronounced the stratiﬁcation of groundwater (Hartog et al., 2002).
2.2.1. Gradients
The expected impact of mixing depends on the type of gradient over which mixing occurs (TCB,
2009): redox gradient, chloride gradient, pH gradient or contamination gradient. Redox gradients are
caused by redox reactions occurring within groundwater and by the interaction of groundwater with
the sediment. It is common practice to avoid mixing of oxygen and nitrate rich shallow groundwater
with deeper iron containing groundwater. Mixing of waters with these and other contrasting redox
conditions may  result in the formation of gas phases (N2, CO2), formation of biomass and precipitation
of oxides (FeOOH, MnOOH) which can all lead to well clogging and are thus operationally undesirable.
In addition, changes in redox conditions can induce oxidation of reduced minerals (e.g. pyrite) or reduc-
tion of oxides (e.g. Fe-oxides) whereby trace elements and metals can be mobilized (Descourvières
et al., 2010). Another type of gradient is a fresh-salt water gradient or chloride gradient. In addition to
the effect of salinity on the usability of groundwater, the increased ionic strenght will have an effect
on mineral equilibria. Further, cations may  be desorbed from exchanger sites by the higher sodium
levels in saline/brackish water. A third type of gradient is a pH- or groundwater hardness gradient.
Mixing of groundwaters with a different hardness can lead to dissolution of calcite (Sanz et al., 2011).
In addition to the presence of calcite in aquifer sediments, also the CO2 partial pressure has an inﬂu-
ence on the pH and hardness of the groundwater (Appelo and Postma, 2005). Mixing of groundwater
with different CO2 partial pressure and equal temperature leads to an undersaturation of calcite. In
the model study of Palmer et al. (1992), the possible effects of CO2 gas pressure changes on the cal-
cium balance in ATES systems are described. At equal temperature, a reduction in CO2 partial pressure
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can lead to precipitation of calcite. These effects are also observed during lab experiments with 14
Dutch groundwater samples (Willemsen and Appelo, 1985). Finally, the transport of contaminants
to the deeper groundwater can be accelerated by mixing processes. For contaminants wherefore the
degradation depends on redox conditions, mixing can create either more or less favorable conditions
for degradation (van Oostrom et al., 2010; Zuurbier et al., 2013).
The extent to which ATES systems mix  different groundwater types depends on the screen length,
sealing practice and water quality distribution in the aquifer surrounding the well screens. To achieve
the desired ﬂow rates, water is often extracted over a large portion of the aquifer. Where water quality
differences are present over the screen length, mixing may  lead to changes in groundwater composi-
tion around the ATES wells. The effects of mixing in the extraction wells are comparable to the effects
observed in drinking water wells, including clogging. However, the effects in the extraction wells of
an ATES system are expected to be smaller since drinking water wells only produce groundwater and,
therefore continously pull water quality transition zones toward the wells. ATES wells on the other
hand usually switch pumping direction twice a year, so that the main share of the water that is pumped
has already been pumped and mixed in the previous season. As a consequence drinking water wells
have a much higher probability to mix  different types of groundwater. In ATES systems on the other
hand, the pumped, mixed groundwater is re-injected into the aquifer in a nearby well, which is (usu-
ally) not the case for drinking water wells. Geochemical changes related to the injection of water are
discussed in the context of Aquifer Storage and Recovery (ASR) (Descourvières et al., 2010; Prommer
and Stuyfzand, 2005; Pyne, 2005). In ASR systems, often oxic (surface) water is injected into anoxic
aquifers and the geochemical effects are therefore larger than for ATES systems in which (mixed)
water from the same aquifer is re-injected. In the storage volume, the native water is replaced by the
injected water, and a new hydrochemical en geochemical equilibrium will be installed over time.
A ﬁeld and modeling study in the Netherlands (Bonte et al., 2013c) showed that ATES operation
results in homogenization of the natural redox zoning in the aquifer, which may  trigger secondary
reactions such as mobilization of trace elements and organic carbon. However, the results of the
investigated site showed that the observed concentration changes are sufﬁciently small to keep
groundwater suitable for drinking water production from a chemical point of view.
The mixing of shallow groundwater, more inﬂuenced by human activity, with deeper, less inﬂu-
enced groundwater by ATES operation however implies that the vulnerability of a public drinking
water supply well ﬁeld nearby can be increased.
2.2.2. Mixing processes
Three types of mixing can be distinguished. First there is the initial mixing of different groundwater
types withdrawn over the well screen length at the ATES startup. This process determines the initial
composition of the ATES water. In presence of vertical heterogeneity in hydraulic conductivity, this
hydraulic conductivity will determine the contribution of the different groundwater types to the mixed
ATES water. Secondly there is a continuous inﬂow and replacement of a portion of the ATES water by
ambient groundwater. The importance of this mixing type is determined by the regional groundwater
ﬂow rate, compared to the ATES discharge and recharge rate. Again the hydraulic conductivity over
the depth range is important because it will determine the ﬂow paths of the inﬂowing ambient water.
Thirdly, mixing will occur at the interface between the injected mixed water from the ATES and the
surrounding groundwater during injection by dispersion processes. These processes will be especially
important when there is sufﬁcient contrast between the composition of the mixed water in the ATES
and the ambient groundwater (Dinkla et al., 2012). In addition to these three types, the water balance
of the ATES system is also important for mixing. A yearly imbalace between extraction and injection
will lead to some extra initial mixing each year.
2.3. Conclusions
Based on literature, ATES may  have an impact on groundwater quality in two different ways. On
the one hand, extraction, mixing and injection of shallow groundwater with deeper groundwater
over a large well screen length can have an important inﬂuence on groundwater quality. For exam-
ple, mobilization of trace elements and organic carbon can be induced by changing the natural redox
26 M.  Possemiers et al. / Journal of Hydrology: Regional Studies 2 (2014) 20–34
Fig. 2. Tertiary subcrop map  of Flanders with the designation of the used aquifers and locations of the studied ATES systems
(red  dots). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
Adapted after DOV 2014.
conditions and contaminants can be introduced in deeper pristine groundwater. The temperature
changes (<15 ◦C) handled in current ATES systems, on the other hand, seem to have hardly any effect
on the chemistry of the main chemical constituents in the groundwater. But redox sensitivity to
small changes in temperature (Prommer and Stuyfzand, 2005) and especially the increased mobil-
ity of arsenic observed in laboratory experiments (Bonte et al., 2013b) show that further research and
monitoring are necessary.
3. Methods
The groundwater chemistry around seven ATES installations in the northern part of Belgium (Flan-
ders) is evaluated (Fig. 2). The selected ATES systems are located in several key aquifers, which
represent major groundwater resources for the region.
In Flanders, the main chemical constituents of groundwater in the cold and warm wells of all ATES
systems are reported at least once a year to the environmental authorities in the context of their
environmental permit. The ambient groundwater composition is measured once a year by the VMM
(Flemish Environment Agency) in their monitoring wells (Monitoring Network 1 - Primary Groundwa-
ter Monitoring Network). The available time series (four to eight years) of the groundwater chemistry
in the ATES wells are investigated for seven ATES systems and compared with the time series of the
ambient values in the used aquifer. For this study, an inventory was made of all monitoring wells in
the used aquifer in a 10 km radius around each of the seven ATES systems. The time series of the mon-
itoring data for the different solutes in all ATES wells were analyzed using linear regression analysis
to determine if the data series show signiﬁcant trends. For that purpose, statistical hypothesis testing
was conducted on the slope of the regression line. The null hypothesis of zero slope was evaluated at
5% signiﬁcance level.
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The different studied aquifers (Fig. 2) are described below in chronological order. The Brussels For-
mation is an early Middle Eocene shallow marine sand deposit in central Belgium. The Brussels Sands
occur in a 40 km wide SSW-NNE oriented zone in central Belgium. These sands ﬁll an approximately
120 km long and 40 km wide embayment which ended in the north of the Province of Antwerp in the
North Sea. The base of the sands is characterized by two central major SSW-NNE trending troughs and
several minor troughs with the same orientation. The Brussels Sands consist of unconsolidated quartz
sands with variable percentages of feldspar, ﬂint, glauconite, lime and heavy minerals (Gulinck and
Hacquaert, 1954). The groundwater in the aquifer is of CaHCO3 type because of the presence of lime
in the Brussels Sands and the layers above. At several locations the most shallow part of the aquifer
has increased concentrations of nitrate, chloride and sulfate correlated with antropogenic activity
(Peeters, 2014). The Berchem Formation is an early Miocene shallow marine sand deposit in the north
of Belgium. The Berchem Formation consists of green to black, ﬁne to medium grained, often slightly
clayey, very glauconiferous sand. The sand is rich in shells which appear dispersed in the sediment or
concentrated in subhorizontal layers. At some locations however, the sand can be decalciﬁed. The Diest
Formation is deposited in the late Miocene during a large transgression. In erosive trenches, the deposit
can be more than 100 m thick. The Diest Formation consists of gray-green to brownish glauconiferous
coarse sands wherein sandstone layers often occur. The unit contains almost no fossils, except very
local. The Kattendijk Formation is deposited in the early Pliocene. The Kattendijk Sands consist of dark
gray to green-gray, ﬁne to medium grained, slightly clayey glauconitic sand. Shells appear dispersed
in the sand but also concentrated in one or more layers. The late Pliocene Mol Formation is a white
coarse to medium grained sand deposit. It sometimes contains lignite and clay lenses. Locally the lower
part is slightly glauconiferous (Laga et al., 2001). Both the Brasschaat and Merksplas Formation are late
Pliocene estuarine deposits occurring in the northern Campine area. The Merksplas Formation con-
sists of a gray medium to coarse grained sand with glauconite and wood fragments. The sands contain
shell fragments in the lower part and occasionally gravel. The Brasschaat Formation is a dominantly
sandy complex with a grain size distribution ranging from very ﬁne to medium grained sand. Beside
typical minerals such as micas and glauconite, the unit also contains vegetation remains, peat and
wood fragments. The Merksplas and Brasschaat Formations are partly lateral facies (Gullentops et al.,
2001). The Formations of Berchem, Diest, Kattendijk, Mol, Merksplas and Brasschaat together form the
Neogene Aquifer. The natural groundwater compostion of this aquifer is characterized by low levels
of chloride (<25 mg/l). The composition of the groundwater is further determined by the oxidation
of organic matter creating a strong vertical variation in groundwater quality. Pyrite oxidation occurs
in the shallow groundwater introducing high amounts of sulfate (to 100 mg/l) and iron (>50 mg/l).
Deeper in the aquifer these concentrations decrease due to sulfate reduction (Coetsiers et al., 2014).
4. Results and discussion
For several ATES systems (A, E, F, G) (Supplementary data – Figs. S1, S5–S7), the samples from
the cold and warm well(s) were taken only once a year in the same season. Therefore the effect of
temperature on the groundwater quality could not be determined for these systems, as the extracted
water always originates from the same well. When sampling during winter, water extracted from
both the warm and cold well originates from the warm bubble, when sampling during summer, the
sampled water from both wells originates from the cold bubble. For other ATES systems however,
water was sampled once or twice a year in different seasons (B, C, D) (Supplementary data – Figs.
S2–S4), whereby water originating from both the cold and warm bubble was displayed in the time
series. Comparing the quality of the water extracted from the cold well during summer (cold bubble)
with the quality of the water extracted from the warm well during winter (warm bubble) shows no
larger differences than between the samples from the same season over time.
Fig. 3 shows a chart summarizing the data of the ATES systems and the ambient values compared
with the Flemish drinking water standard. The chart shows upward or downward trends for some of
the considered species for several of the investigated ATES systems. The measured values however
stay well within the drinking water standard for calcium, sodium, magnesium, sulfate and chloride. For
the pH, manganese, iron and ammonium the analyses for several ATES systems show values outside
the drinking water standard. This is especially the case for iron and ammonium where for all ATES
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Fig. 3. Summary chart of the data from all 7 investigated ATES systems. The time series of the monitoring data for the different
solutes (Figs. S1–S7) as well as the p-values used to determine the signiﬁcance of the trends (Table S1) are presented in
Supplementary data.
systems, except respectively one (C) and two systems (C and E), values above the drinking water
standard are reported. However, for most of these cases the ambient values measured in the VMM
monitoring network are also outside the drinking water standard, and thus likely caused by the aquifer
characteristics (e.g. mineralogy, organic matter content).
Therefore, we focus further on ATES system B where the values for pH, manganese and iron are
outside the drinking water standard as well as outside the window of the ambient values (Fig. 4). For
these three elements no upward trend in the values is measured since the beginning of the monitoring
of the system in 2004. As a result it can be assumed that the deviation from the ambient values can
either be explained by initial mixing of groundwater while the wells were developed after drilling and
in the ﬁrst season of ATES operation or simply by naturally occurring local conditions different from
the aquifer conditions at the considered monitoring wells.
At different ATES systems, upward and downward trends in the concentration of several species
are recorded. The results for system E for example show that the concentrations of several species
indicate a slightly upward trend (Fig. 3). Comparison with the trends measured in the corresponding
monitoring wells (Fig. 5), however, shows that also in the monitoring wells upward and downward
trends are present. The presence of an ATES system could therefore not be designated as cause of the
upward trends.
For sodium, sulfate and chloride, upward trends are recorded in respectively one (B), three (A, B and
E) and two (A and E) ATES systems (Fig. 3), which can be caused by contamination of the groundwater
with fertilizers (sulfate) and road de-icing salt (sodium and chloride). Here the contribution of the ATES
operation also cannot be demonstrated as the concentrations in the monitoring wells show upward
trends in some cases as well. However ATES operation can negatively contribute to the introduction
of these contaminations at larger depth in the aquifer by mixing shallow groundwater with deeper
groundwater. For system A, this mixing effect is conﬁrmed by comparing the data from different
shallow monitoring wells (<10 mbs) with data from the nearest deep monitoring well (monitoring
well 1-0261 with well screen from 80 to 82 mbs). For the shallow monitoring wells the concentrations
are between 24 and 217 mg/l for sulfate and between 20 and 218 mg/l for chloride whereas for the
deep monitoring well the concentration of chloride is maximally 11 mg/l and for sulfate stays below
detection limit (<1 mg/l). The upward trends recorded in system B can also be explained by mixing the
higher concentrations in the shallow part of the aquifer with the deeper groundwater. At the near deep
monitoring well (monitoring well 1-1104b with well screen from 64 to 68 mbs), maximal values are
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Fig. 4. Time series of the reported concentrations in ATES system B for pH, Mn  and Fe in the cold well (blue squares) and warm
well  (red rhombuses) and box plots of the ATES data and the ambient data reported from the monitoring wells in the considered
aquifer in a 10 km radius around the ATES system. (For interpretation of the references to colour in this ﬁgure legend, the reader
is  referred to the web version of this article.)
12 mg/l and 9 mg/l, and at the shallow monitoring wells (<10 mbs) the maximal values are 37 mg/l and
160 mg/l for sodium and sulfate, respectively. For system E, however, the upward trends for sulfate
and chloride cannot be explained by mixing shallow with deeper groundwater as the concentrations
in nearby monitoring wells are sometimes higher in the deep wells than in the shallow wells.
The nitrate concentration in the ATES waters of systems A, B, D, E, F and G comes rarely above
the detection limit and when above detection limit it stays far below the drinking water standard
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Fig. 5. Time series of the reported concentrations in ATES system E for Ca, Na, Mg,  K, SO4 and Cl in the two cold wells (blue
symbols) and two warm wells (red symbols) and the time series of the reported concentrations in the nine monitoring wells in
the  considered aquifer in a 10 km radius around the ATES system (line graphs). (For interpretation of the references to colour
in  this ﬁgure legend, the reader is referred to the web version of this article.)
of 50 mg/l (e.g. maximally 2.6 mg/l in system D). An exception is ATES system C where the nitrate
concentration is much higher and often above drinking water standard (Fig. 6). The reason is that the
Brussels Sands aquifer at this location is a phreatic aquifer, low in organic matter content in which
the groundwater remains oxidized to a large depth. Therefore the aquifer is vulnerable to nitrate
contamination especially when shallow, by fertilization nitrate rich groundwater is pumped, mixed
with deeper groundwater and injected back in the other well during the ATES operation. Fig. 6 shows
that no trend in the concentration time series is recorded, as a result it can be assumed that the
deviation from the ambient values is explained by initial mixing of groundwater during development
of the wells and in the beginning of ATES operation. This mixing effect is conﬁrmed by data from more
shallow monitoring wells in the vicinity of system C, where nitrate concentrations of about 50 mg/l
occur, in contrast to the nearby deep monitoring well (2-0073) where the maximal measured nitrate
concentration is 2 mg/l.
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Fig. 6. Time series of the reported concentrations in ATES System C for NO3 in the cold well (blue squares) and warm well (red
rhombuses) and box plots of the ATES data and the ambient data reported from the monitoring wells in the considered aquifer
in  a 10 km radius around the ATES system. The red dashed line represents the drinking water standard for nitrate (50 mg/l).
(For  interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
5. Conclusions
No temperature inﬂuence on the groundwater quality is recorded for the ATES systems in Flanders.
This is in accordance with the results from other studies and could be expected as these ATES sys-
tems operate with small temperature differences (T ≤ 10) and within a narrow temperature range
(about 6–16 ◦C). As was  already stated in the research of Bonte et al. (2013c, 2011b) groundwater
vulnerability in the deeper part of the aquifer is increased by injecting shallow groundwater, which is
more inﬂuenced by human activity, over the whole length of the well screen. The largest risk hereby
exists for phreatic aquifers, which are less protected against contamination. This can lead to a dete-
riorated quality of the water pumped in a nearby public drinking water supply well ﬁeld, especially
when the well screens of the drinking water wells are situated deeper than the screens of the ATES
wells. The results of this study suggest however that the quality changes at the investigated sites are
rather small, so that there is no immediate risk for the drinking water supply in these cases. When
mixing of shallow groundwater with deeper groundwater occurs, it is clear that the changes in the
water composition are made in the beginning of ATES operation or even while developing the wells
as no further deterioration of groundwater quality was  monitored in the investigated ATES systems.
It can be concluded that both the design of the ATES system (depth and length of well screens) and
the site speciﬁc conditions (groundwater quality, land-use and possible input of contaminants) will
play an important role in the impact the ATES system will have on the groundwater quality. Therefore
an integrated design of the ATES system taking into account the local groundwater chemistry will be
indispensible, especially for future ATES systems in the vicinity of public drinking water supply well
ﬁelds.
As the natural groundwater ﬂow can have an important impact on the monitoring of the ground-
water quality around an ATES system, it is important to adapt each monitoring campaign to the local
conditions. Further, the groundwater should be monitored in each phase of ATES operation. Minimally
one sample should be taken from the cold well during summer and from the warm well during winter.
The moment of sampling is different for the possible geochemical changes that are related to tem-
perature changes and for changes related to mixing. For a maximal impact of temperature changes,
the samples should be taken approximately halfway the season because that water had the longest
residence time in the warm and the cold bubble (because of thermal retardation) and was inﬂuenced
the most. To investigate the effect of mixing different groundwater compositions, the samples should
be taken near the end of the heating/cooling season since attracting more shallow groundwater (more
impacted by human activity) is most likely near the end of the season. To be able to assess the possi-
ble impact of mixing groundwater, information on the groundwater composition at several depths is
needed. Depending on the situation it may  be necessary to sample a number of piezometers at different
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depths. When these piezometers are not available it may  be necessary to install these piezometers.
Depending on the local conditions (e.g. large groundwater ﬂow) sampling in nearby monitoring wells
downstream the groundwater ﬂow direction could be necessary.
Although very important in the impact assessment of ATES on the groundwater quality, trace
elements and microbiology are not included in this study as the focus of this study was to evaluate the
impact of ATES on the groundwater quality on the long term and no trace element and microbiological
data are available from the beginning of the different ATES operations. Therefore future work should
focus on the monitoring of trace elements (e.g. As) and microbiology in ATES and monitoring wells,
so that an analysis of the evolution of these parameters over time can be made.
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